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Abstract This article describes the design process of the
Green Solar Collector (GSC), an area-efficient photobiore-
actor for the outdoor cultivation of microalgae. The overall
goal has been to design a system in which all incident
sunlight on the area covered by the reactor is delivered to
the algae at such intensities that the light energy can be
efficiently used for biomass formation. A statement of goals
is formulated and constraints are specified to which the
GSC needs to comply. Specifications are generated for a
prototype which form and function achieve the stated goals
and satisfy the specified constraints. This results in a design
in which sunlight is captured into vertical plastic light
guides. Sunlight reflects internally in the guide and
eventually scatters out of the light guide into flat-panel
photobioreactor compartments. Sunlight is focused on top
of the light guides by dual-axis positioning of linear Fresnel
lenses. The shape and material of the light guide is such
that light is maintained in the guides when surrounded by
air. The bottom part of a light guide is sandblasted to obtain
a more uniform distribution of light inside the bioreactor
compartment and is triangular shaped to ensure the efflux
of all light out of the guide. Dimensions of the guide are
such that light enters the flat-panel photobioreactor com-
partment at intensities that can be efficiently used by the
biomass present. The integration of light capturing, trans-
portation, distribution and usage is such that high biomass
productivities per area can be achieved.
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Introduction
Ideally, a photobioreactor for production of biomass should
catch all sunlight available at the allocated spot, and
transport, channel, and distribute it in such a way into the
cultivation vessel that all caught light energy is used for bio-
mass formation. Biomass productivities per area in reported
photobioreactors are limited by suboptimal circumstances in
the reactor, limiting biological efficiency, or by a suboptimal
design limiting light supply into the reactor. High yields can
only be achieved by linking photobioreactor design to the
biological processes inside. The efficiency of the photo-
bioreactor is determined by the integration of: light captur-
ing, light transportation, light distribution, and light usage.
This article describes the design process of the Green
Solar Collector (GSC), a light- and area-efficient photo-
bioreactor for the cultivation of microalgae on sunlight.
Light-efficient production of algal biomass has been
reported in experiments using single flat-panel photobior-
eactors (Qiang et al. 1998a, b). These reactors have a large
light capturing reactor surface per reactor volume and
therefore optimal illumination of the biomass can be
achieved. However, area-efficient production is difficult to
achieve using flat-panel reactors. The tilt angle, the
direction the panel faces, i.e. facing east—west or north—
south, and the number of panels per area all influence the
total productivity per unit ground surface. Shading always
influences irradiance levels on the surface of flat-panel
reactors that are close together (Pulz et al. 1995), which is
required if use of all sunlight per ground area is desired.
Creating flat-panel reactor compartments through internal
illumination by light channeling and distributing elements
(light guides) in a larger vessel (Fig. 1), as presented by
Janssen et al. (2003), can solve the problems in the delivery
of sunlight and the use of all light on the reactor area.
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and high productivity, sunlight is captured by lenses on top
of the GSC (Fig. 2) and is directed to the photobioreactor
compartment through light guides. These light guides are
flat rectangular sheets of plastic, guiding the light down-
ward into the algal suspension. The light guides distribute
the high-intensity direct solar irradiance over a larger area
inside the reactor to lower the sunlight intensity without
losing light energy. The combination of decreased sunlight
intensities, a short light path between the light guides inside
the liquid phase of the photobioreactor, resembling a flat-
panel photo-bioreactor, and intensive mixing of the liquid
phase by rising air bubbles create an environment to
achieve high photosynthetic yields. The goal of the GSC
is to efficiently use light energy incident on the bioreactor
surface for the production of algal biomass.
The following design goals were set for the Green Solar
Collector:
1. All sunlight, falling on top of the reactor must be
concentrated into light guides.
2. All captured light must be fully channeled through the
light guides toward the bioreactor compartment.
3. All channeled light must be homogeneously scattered
from the light guides into the bioreactor compartment.
4. All scattered light must be efficiently used for the
production of biomass.
To enlarge the economical feasibility of using the reactor
the following additional constraints were set:
1. It must be easy to install, for instance on rooftops
of industrial complexes where ample waste CO2
is available.
2. It must be made of cheap and durable materials.
3. It must accommodate an easy to control and robust
process.
These goals and constraints have yielded a prototype in
whichthefourcomposing system elements—lightcapturing,
light channeling, light scattering, and biomass production—
areintegrated (Fig. 2). The prototype is placed on top of one
of our university buildings and the efficiency of light use
will be evaluated by cultivation of microalgae.
The article has been split up in the design of all GSC
elements through separately addressing each design goal in
the order as stated. In the end, all are integrated and the
design of the complete system is discussed.
Capturing of Sunlight
All light energy falling on the top surface of the Green
Solar Collector must be captured into light guides. Sunlight
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Fig. 1 Design of a rectangular
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et al. 2003)
Mar Biotechnol (2008) 10:404–415 405 405must be focused in a line on top of the flat, rectangular
plastic light guides to have a good distribution of light
energy over the light guide surface. Linear or cylindrical
lenses can be used to focus sunlight into a straight line on
top of these guides. Light falling on the cylindrical curved
surface of convex cylindrical lenses refracts toward the
center of the lens, forming a line at a certain distance from
the lens. On linear Fresnel lenses the curved surface is
replaced by parallel prisms on a flat surface; because of the
difference in angle of the prisms, light is refracted toward
the focal line (Fig. 3). Fresnel lenses have the same energy
concentrating effect as conventional convex linear or
cylindrical lenses but are less expensive and less heavy.
Parallel placement of linear Fresnel lenses enables the
focusing of almost all sunlight falling on the reactor surface
into a number of parallel lines. Rotation over an east–west
and north–south axis, called dual-axis rotation, of a lens or
a mirror as in the “Himawari” solar light collection device
(Mori 1985) and the solar fiberoptic minidish concentrators
(Feuermann et al. 2002; Gordon 2002) enables tracking of
the sun. Correct dual-axis positioning of linear Fresnel
lenses enables full focusing of sunlight on rectangular light
guides during the entire year and an almost full capturing of
sunlight as stated in design goal 1.
Positioning the lenses A linear Fresnel lens focuses light
into a line. Light does not need to enter perpendicularly
from all directions to be focused into a line (Fig. 4). Light
only needs to enter perpendicularly with respect to the
width of the lens (Fig. 4, top view). A linear Fresnel lens
focuses light within a 2-dimensional plane; parallel rays
incident over the entire length and perpendicular to width of
the lens are focused into a line. The focal distance is fixed
and depends on the lens (Fig. 3). In case the light hits the
lens surface nonperpendicularly in the length direction, the
line of focus is closer to the lens (Fig. 4). The light refracts
out of the lens with the same angle as it enters in the length
direction, whereas the focal length, the length of the lines
leaving the lens in Fig. 3 is fixed. Focusing light in a line,
even when light enters nonperpendicular, makes the lens
ideal for focusing of light into the light guide. However, the
distance between the lens and light guide needs to be
adjustable to keep the line of focus on the light guide.
Two control strategies can be applied for positioning the
lens. The sun can be tracked using a light sensor mounted
on the lens to position the lens perpendicular to the sun or
the position of the lens can be programmed. Both need
precise dual-axis positioning of the lens. Tracking the sun
using a sensor would require repositioning of the lenses
when the sun is intermittently blocked by clouds. Program-
ming the position of the lens is more efficient because the
position of the sun on the horizon can be precisely cal-
culated (Duffie and Beckman 1974), resulting in a correct
position of the lens during the entire day.
Rotation of the system holding the lens over the sheet
(Fig. 5, rotation over axis “X”) positions the width of the
lens perpendicular to the sun. The distance between the lens
and sheet is decreased by rotating the four legs holding the
lens “A” over axis “Y” (Fig. 6). The rotation can take place
independent of the rotation over axis “X”. The rotation over
axis “Y” is called the angle of hinge of the lens; the rotation
over axis “X” is called the angle of rotation of the lens. The
distance between lens and sheet is determined by the
Fig. 3 Focussing of light by a Fresnel lens
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Fig. 4 Focusing of light into a line by a linear lens. a 3-dimensional
side view; b 2-dimensional view from the top
406 Mar Biotechnol (2008) 10:404–415incoming angle of the sun; the diagonal parallel to the sun
rays between the middle of the lens and top of the light
guide in the 2-dimensional plane of focus has to equal the
focal length “F” of the lens. In other words, the legs “A,”
positioning the lens (Figs. 5 and 6), need to point toward
the sun in the sky to have a correct positioning of the lens.
Calculating the correct position of the lenses The position
of the sun on the horizon during the year can be calculated
based on geographical location and date and time (Duffie
and Beckman 1974). The position of the sun is expressed
by two angles. The azimuth angle, the position of the sun
on the horizon, e.g., commonly referred to as amount of
degrees north, east, south, or west (Fig. 7), and the angle of
elevation, the angle of the altitude of the sun in the sky
relative to a horizontal surface. The position of the lens is
calculated based on these angles. The angle of rotation and
the angle of hinge are calculated based on the elevation
angle and the azimuth angle relative to the orientation of
the reactor as described in more detail in Appendix 1.
The angle of rotation and hinge during a number of days
in Wageningen, the Netherlands, during the year is
illustrated in Figs. 8 and 9. As an example the Green Solar
Collector (GSC) is positioned in a north–south orientation,
meaning the light guides stretch from north to south.
However, the GSC can be placed in any orientation and
maintain a good focussing of sunlight on the light guide.
A 90° angle of rotation means that the lens is in a
horizontal position, a 90° angle of hinge means the legs
“A” positioning the lens are upright. At a 0° and 180°
rotation angle the lens is in a vertical position. At a 0° and
180° angle of hinge the lens is positioned downward on top
of the light guide.
The position of the lens precisely follows the trajectory of
the sun (Figs. 8 and 9). The sun rises in the east and the lens
has to be rotated to a vertical position; facing east. There-
fore angle of rotation at sunrise is 180° during the entire
year. The angle of hinge at sunrise is determined by the
azimuth angle (Fig. 7) at sunrise. During summer the rises
in the northeast, which means the angle of hinge is larger
than 90° to point the legs holding the lens to the north. The
combination of the angle of hinge and rotation points the
legs toward the northeast. During the 21st of March the sun
rises in the east, therefore, the angle of hinge is 90° and the
legs holding the lens are upright pointing to the east.
During every day, the lens rotates to a horizontal
position at solar noon, when the sun is located in the south.
The angle of hinge at this time equals the elevation angle of
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Fig. 5 Rotation of the system holding the lens (1) over axis “X”,b e i n g
the top of the light guide (2). Thesystem consists of legs “A”andaxis“Y”
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the sun. During the afternoon the sun descends towards the
west where it sets. The angle of hinge during the afternoon
increases to follow the sun when it descends from the south
towards the north. The rotation angle decreases to rotate the
lens towards the west until it is vertical at sunset.
In a north–south-oriented reactor the angle of hinge is
the rotation over the east–west axis of the reactor to
position the lens with respect to the north-south position of
the sun. The rotation angle is a rotation over the north–
south axis of the reactor to position the lens with respect to
the east–west position of the sun. The angle of hinge and
rotation can be adjusted to position the lenses in other
reactor orientations.
Channeling of Light to the Bioreactor Compartment
Transport and distribution of light is integrated in the light
guide (Fig. 2). Sunlight is transported efficiently by total
internal reflection in the light guide. All light entering the
guide is channeled to the bottom of the guide, where it is
scattered into the algal suspension inside the bioreactor. In
the design of the GSC, care had to be taken that light
actually enters the light guide and that it reflects inside the
light guide when surrounded by air and refracts out of the
guide when surrounded by the algal suspension. Whether
light reflects from or refracts into the light guide depends
on the angle at which the light hits the top of the guide, the
refractive index of the material of which the light guide is
made, and the shape of the guide.
Material of the light guide Whether light reflects from or
refracts into the horizontal top of the light guide is calculated
using Snell’s law and Fresnel’s formula (Sears 1974)
(Appendix 2). Light coming from air always refracts into a
clear material with a higher refractive index than air. At small
angles, relative to the normal, the highest percentage of light
refracts into this clear material, whereas at larger angles the
amount of reflection increases but still a certain percentage of
light refracts into the material up to an angle of 89°.
Materials with refractive indices close to the refractive
index of air cause light to refract out of the guide over its
vertical sides, which is undesired on the upper part of the
guide where it is not surrounded by the algal suspension
(Fig. 10). High refractive indices, on the other hand, cause a
large amount of light to reflect at the light guide’s point of
entry. This also is undesired, because light would not refract
into the guide and is not available for the algae. Thus, the
refractive index of the guide had to be high enough to
ensure total internal reflection when surrounded by air (Ries
et al. 1997) but not much higher to limit the reflection on
top of the guide.
Whether light reflects internally in the guide or refracts
out of the guide at the vertical guide–air interface can again
be calculated using Snell’s law and Fresnel’sf o r m u l a
(Appendix 2). A light guide, surrounded by air and accepting
all possible angles on the top surface must have a refractive
index higher than 1.415 (Appendix 2). Polymethylmethac-
rylate (PMMA) a clear transparent plastic with the highest
transmittance for visible light compared with other plastics
is an ideal material for a light guide. It has the same
transmittance as glass and it has a refractive index of 1.49
to 1.50 for visible light, which is larger than the required
refractive index of 1.415. This ensures total internal
Fig. 9 Angle of hinge in a north-south oriented GSC located in
Wageningen, the Netherlands ― 21st of December ⋯⋯ 21st of
March ––21st of June
Fig. 8 Angle of rotation in a north-south oriented GSC located in
Wageningen, the Netherlands ― 21st of December ⋯⋯ 21st of
March ––21st of June
408 Mar Biotechnol (2008) 10:404–415reflection inside the light guide when it is surrounded by air
while limiting the reflection of light on top of the guide.
Reflection and Refraction in the Top of the Light Guide
As calculated in Appendix 2, total internal reflection occurs
when light refracts toward the center of the light guide
when entering into the top of the guide. Fig. 11 shows that
light does not refract towards the center in a guide with a
round top surface. Because of the more perpendicular
angles of the incoming light on the round top surface, light
does not refract sufficiently and total internal reflection
does not occur.
Moresunlightreflectsfromtheguide’sflattopsurfacethan
from a round top surface because light enters more perpen-
dicularly on the round surface. However, loss of light energy
due to refraction out of the guide because of a round top sur-
face is larger than reflection on top of a flat top surface. Light
must refract downward into the guide to be available to the
algae. The top surface of the guide is, therefore, flat because
it is the best shape to capture and keep light in the guide.
Scattering of Light into the Bioreactor Compartment
The top part of the light guide is surrounded by air and light
needs to reflect internally, but the bottom part is surrounded
by the algal suspension and light needs to be scattered from
the light guide into the suspension. As calculated in
Appendix 2, the maximum angle for which total internal
reflection occurs when surrounded by water is 26.8° from
the vertical sides. Sunlight with an angle between 0° and
42.2°, from the normal, entering on top of the light guide
would still reflect internally and eventually leave through
the bottom of a rectangular guide. This is undesired since
light has to leave the guide over its left and right surface in
order to have a uniform scattering of light out of the light
guide surface into the bioreactor compartment.
The only way to ensure that all light leaves the guide
over its left and right surface is to change the incident angle
of the light on the bottom part of the guide. A triangular
shaped bottom part changes the angle at which the light
reflects and results in the refraction of all light out of the
bottom part of the guide. Fig. 12 shows the refraction and
reflection of light on top of and inside the guide. The light
guide needs to narrow towards the bottom to let all light
refract out of the guide and the tip has to be surrounded by
the algal suspension.
The uniformity of scattering of light out of the guide is
still under investigation. Preliminary measurements showed
that light does not reflect uniformly out of a guide with a
smooth surface, and a surface treatment, such as sand-
blasting, showed a more uniform scattering of light out of
the entire surface of the triangular bottom part. Calculations
show (data not presented) that all light scatters out of the
light guide for the smooth as well as the sandblasted
surface.
Efficient Use of Scattered Light
The use of scattered light by the algae is maximized by
creating compartments (Fig. 13, numbered “3”) with short
light paths and turbulent mixing, similar to the flat-panel
compartments described by Qiang et al. (1998a, b). In these
air air
Fig. 11 Influence of the shape of the top of the light guide on the
reflection and refraction of light inside the light guide
algal 
suspension
air
algal 
suspension
air
Fig. 10 Light refracts into the light guide. Inside the light guide it
reflects internally when surrounded by air and it refracts out of the
guide when it is surrounded by the algal suspension
Mar Biotechnol (2008) 10:404–415 409 409flat-panel photobioreactor experiments up to 20% of the
PAR sunlight energy falling on the reactor surface was
stored as biomass; approaching the theoretical maximum
conversion efficiency of 21% of light within the PAR range
(Bolton and Hall 1991).
The short light path in a flat-panel photobioreactor,
combined with turbulent mixing induced by aeration at the
bottom causes a rapid circulation of the algae from the
illuminated reactor wall to the dark interior of the reactor. It
subjects the algae to intermittent illumination which is
suggested to increase the efficiency of use of over-
saturating light intensities (Richmond 1996). Well control-
lable flat-panel compartments with turbulent mixing by
aeration also are comprised between the light guide and
water jacket in the GSC. Although the width of the com-
partment in our reactor varies from top to bottom of the
compartment, on average it is similar to the width reported
by Qiang et al. (1998a, b).
The flat-panel compartment Figure 13 shows the design of
the GSC. The light guide separates the reactor into two flat-
panel compartments between the left and right water jacket.
The light guide resembles the transparent reactor wall of a
panel reactor. Instead of being a light transparent barrier
between the algal culture and the outside, it now separates
two algal culture compartments and delivers light to both
compartments. The rectangular light guide, the wall of the
water jacket and aeration at the bottom along the length of
the reactor, together create an environment similar to a flat-
panel photo bioreactor.
Integrating the Four Reactor Elements
Use of the focused sunlight Light is captured and distrib-
uted into the GSC during the entire day, but optimal
conditions need to be provided for the algae. The most
important is to provide a suitable light intensity in the GSC.
In the flat-panel photobioreactor cultivation experiments
described by Qiang et al. (1998a, b) the highest volumetric
productivity was not achieved in the reactor with the
highest efficiency. An efficiency of 20% was achieved in a
panel reactor not fully exposed to sunlight. It was
positioned vertically; therefore reflection of light occurred
air
algal 
suspension
Fig. 12 Reflection of light inside the light guide. Total internal
reflection in the top part and total refraction out of the guide in the
bottom part
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Fig. 13 Cross-section of the photobioreactor. The numbers indicate
the following: 1: linear Fresnel lens, 2: light guide, 3: flat-panel
reactor compartment, 4: perforated tube for aeration, 5: water jacket.
The letters indicate the following: A: legs holding the lens, X: axis of
rotation of the lens, Y: axis of rotation of the legs “A”
410 Mar Biotechnol (2008) 10:404–415on the reactor surface, decreasing the light intensity inside
the panel reactor.
In the GSC care is taken in supplying sunlight to the algae
at the right intensity. If light is captured and transported with
100% efficiency, only the dimensions of the lens and light
guide determine the light intensity in the bioreactor com-
partment. It then is determined by the ratio of the surface of
the lens to the surface of the light guide in the algal culture.
Total design of the bioreactor The GSC contains flat-panel
bioreactor compartments of 18-mm (top) to 25-mm (bot-
tom) wide and the maximum light intensity has to be
approximately half of the intensity of the sun to have an
efficient use of light while having a high biomass pro-
ductivity. Therefore, the illuminating surface of the light
guide has to be the double of the light capturing surface of
the lens to dilute the maximum sunlight intensity to the
desired intensity. Because the length of the lens and light
guide are equal, the height of the triangular shaped bottom
part has to be equal to the width of the lens, because light
refracts from both sides of the bottom part of the guide.
The GSC is designed to cover large areas by having
multiple light guides next to each other in a larger housing.
The distance from one light guide to the other is constructed
by two flat panel compartments, one water jacket, and the
light guide itself. This distance is fixed at 60 mm. To be able
to have an unhindered movement of neighboring lenses; a
lens with a width of 52 and a focal distance of 51 mm is
chosen. The width of the lens fixes the height of the bottom
part of the light guide to 50 mm as explained above. The
width of a flat-panel compartment is constraint by design
limitations, but the length of the compartment is not and can
stretch up to several meters. Taking into account he
rectangular top part of the light guide and the lens, it results
inasystemthatismaximallyapproximately200mmhighand
contains 36 liters of algal suspension per square meter.
Discussion
The real proof of efficient use of light is in determining the
actual area biomass yield of the GSC. This will be
determined by the integration of: light capturing, light
transportation, light distribution, and light usage. In our
design, sunlight is captured directly in the light guide to
minimize loss of light energy. Previous attempts by others
to capture sunlight with lenses and to transport light into a
light guide through optical fibers proved less efficient and
expensive. Gordon (2002) and Ogbonna et al. (1999) stated
that low efficiencies in the delivery of light into the
photobioreactor through optical fibers were obtained due
to coupling problems between different light guiding fibers
and loss of light in transport through the fibers. Costs and
construction considerations for large scale optical fiber
photobioreactor cultivation systems further limited the
application of fibers (Gordon 2002). These considerations
and the efficiency problems do not meet the Green Solar
Collector’s design goals and constraints. Focusing sunlight
directly on the light guide is more efficient, because light
does not have to be transported over long distances. Light
reflects internally without loss in intensity over the small
distance where it needs to be transported.
The GSC’s light guides increase the illuminated surface
per reactor volume and, therefore, resembles the sheets
described by Janssen et al. (2003). Multiple light guides
next to each other increase the illuminated surface in larger
bioreactors. Previously, scratched optical fibers were used
to internally illuminate a photobioreactor and to increase
the illuminated surface per reactor volume (An and Kim
2000; Matsunaga et al. 1991). Large numbers of optical
fibers are needed to have an increased surface to volume
ratio compared with noninternal illuminated reactors. The
construction and maintenance of large photobioreactor
systems containing thousands of optical fibers will not
meet the design constraints posed in the introduction;
therefore, a sheet of PMMA is used to internally illuminate
the photobioreactor compartments in the GSC.
An effect such as shading, common in vertical plate or
column reactors placed close together, does not interfere
with the light supply. The potential for achieving optimal
conditions in our photobioreactor is present due to uniform
illumination inside the reactor. Each lens focuses the same
amount of sunlight into the light guide, due to the parallel
placement of the lenses, creating a similar illumination
pattern throughout large areas of the GSC. Process
conditions are therefore similar throughout large GSC
areas. The lenses shade each other somewhat at low
altitudes of the sun, depending on the orientation of the
reactor. However, because the lenses are placed parallel,
shading is the same on each lens, again leading to the same
illumination in all flat-panel compartments.
The GSC has been constructed (Fig. 14) and by visual
observation it is clear that the lenses are able to focus
sunlight on top of the light guide and that light refracts out
of the guide into the algal suspension. The actual efficiency
of light supply is still unknown but can be estimated based
on the reflection of light on the lens and light guide as shown
earlier. Also the uniform illumination over both sides of the
bottom part of the light guide is still being investigated.
Conclusions
The GSC complies with the stated goals and constraints.
The lenses capture sunlight coming from all angles through
Mar Biotechnol (2008) 10:404–415 411 411dual-axis positioning of linear Fresnel lenses. Sunlight is
focused on the light guides in which it propagates by
internal reflection and ends up in the algal suspension in the
flat-panel compartments.
Almost all light falling on the GSC is intercepted by the
lenses during the day, except when the lenses are in a
horizontal position. At maximum, 8.7% of the direct sunlight
passes in between the lenses and will strike the transparent
reactor cover. The demand to capture all sunlight per ground
area in the light guides is therefore almost completely met.
Capturing all sunlight into the light guides was not possible,
because some space is needed in between lenses to allow
unhindered movement of the lenses. This fraction of direct
sunlight as well as diffuse sunlight can still enter the reactor
compartment through the transparent top reactor cover and is
not lost for the microalgae.
The capturing efficiencies of the GSC were calculated
based on reflection on the lens and light guide during the day
combined with reported direct irradiance values (PVGIS:
Geographical Assessment of Solar Energy Resource and
Photovoltaic Technology; http://re.jrc.cec.eu.int/pvgis/pv/,
January 2007). The capturing efficiency decreases in fall
and winter due to the lower elevation angles of the sun
(Table 1). The amount of reflection on top of the light guide
increases significantly. The different capturing efficiencies
presented in Table 1 are related to the chosen orientation of
the GSC with respect to the sun (Appendix 1).
The efficiency of scattering from the light guide into the
bioreactor compartment is estimated to be 100% based on
the reflection and refraction of light. Therefore, high
biomass productivities can be obtained during summer in
the Netherlands. During winter the GSC is less efficient due
to a lower capturing efficiency. At low latitudes, on the
other hand, high productivities can be achieved during the
entire year. At these locations the sun has a higher angle of
elevation, which reduces the reflection of sunlight on top
the light guide. However, clear skies are still a prerequisite
for high productivities.
The production costs of the GSC are expected to be
higher than those of conventional outdoor photobioreactors,
such as horizontal and vertical tubes or vertical panels. The
production costs compared with fiber optic photobioreac-
tors (Mori 1985), on the other hand, will be lower because
of ease of construction and maintenance and the use of
cheap materials (PMMA). The most expensive part will be
the system to position the lenses, but on large areas covered
with multiple units all lenses have to be in the same position.
The lens positioning system therefore can be integrated in
one single system controlling multiple reactor units. Conse-
quently, economy of scales can significantly reduce reactor
costs.
A robust process can be run in the GSC because suitable
light intensities are combined with turbulent mixing and
control of pH and temperature. The GSC is constructed of
durable plastics and is light in weight. The reactor can thus
be easily placed on horizontal rooftops and can be an
alternative to conventional thermal or photovoltaic solar
collectors. A new type of solar collector had been created:
“the Green Solar Collector.” The real proof of functionality
of the designed reactor needs to come from cultivation
experiments; conclusions can then be made on the overall
efficiency of use of light in the Green Solar Collector.
Table 1 Capturing efficiency of direct light in the GSC in
Wageningen, the Netherlands
Day of the year Light capturing efficiency
21st of December 27%–32%
21st of March 57%–61%
21st of June 76%–67%
21st of September 57%–61%
Fig. 14 GSC;thelensinthetop ofthepicturefocuses light ontop ofthe
light guide (line of focus visible on top of the sheets of paper on the
guide). Light refracts internally to be scattered into the algal suspension
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Appendix 1
The position of the lenses is calculated based on the elevation
angle of the sun and the relative orientation of the reactor to
the azimuth angle of the sun. Starting point is a north-south
orientation of the reactor, which means that the lenses on top
of the reactor stretch from north to south. If the orientation
changes, if the reactor for instance stretches from east to west,
or northwest to southeast, the azimuth angle has to be
adjusted. Equations 1 and 2 yield the position of the lens
based on the position of the sun (γ and α) and the
orientation of the reactor (β).
tan rotation ðÞ ¼ tan
sin g ðÞ
cos g ðÞ *cos a   b ðÞ
  
ð1Þ
sin hinge ðÞ ¼ sin
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sin g ðÞ ðÞ
2þ cos g ðÞ *cos a   b ðÞ ðÞ
2
   r   
ð2Þ
α =recalculated azimuth angle of the sun on the horizon
(Table 2 and Fig. 7).
γ =angle of elevation of the sun in the sky (Fig. 7).
β =orientation of the Green Solar Collector (Table 3).
Table 2 shows the values for α to calculate the position
of the lenses. The value for α is continuously changing
with the azimuth angle of the sun. The value for β (Table 3)
is fixed with the chosen orientation of the reactor.
A rotation angle of 0° or 180° means that the lens is in a
vertical position on the left or right side of the light guide.
An angle of hinge of 0° or 180° means that the lens is
positioned on top of the light guide on the left or right side.
At an angle of 90°, the lens is in an upward and/or
horizontal position. Whether 0° or 180° is left or right for
the angle of hinge or rotation is a matter of definition,
because the path of the sun on the horizon is the same in the
morning and the afternoon, where the solar noon functions
as the mirror point.
The angle of rotation is calculated by using equation 1.
The result is an angle between 0° and 90°. The angle of
rotation on one side of the light guide is defined as this
angle; the one on the other side as 180° minus this angle.
The angle of hinge is calculated by using equation 2. The
result is an angle between 0° and 90°. The angle of hinge in
one direction is defined as this angle; the one in the other
direction as 180° minus this angle.
Appendix 2
The angle of refraction of light propagating from one
material into the other is calculated by using Snell’s law.
The index of refraction (n) of each material and the angle of
incidence (θ) determine what the angle of refraction or
reflection is. When light refracts from a material (n1)w i t ha
low refractive index into one (n2) with a high refractive
index the sine of the angle of refracted light (θ2) is smaller
than of the light entering (θ1), so light will be refracted
toward the normal. When the refractive index of the
material from which light propagates (n1) is higher, the
sine of the angle of refracted light (θ2) increases, therefore,
it is refracted away from the normal and at larger angles of
incident light (θ1) it will not refract into the material (n2)a t
all. It then reflects on the interface.
n1
n2
¼
sinθ2
sinθ1
Snell's law ð3Þ
Θ = angle from the normal
When light refracts into a material, a part of the light
energy is lost due to reflection; this can be calculated using
Fresnel’s formula. The difference in angle of incident and
Orientation β
North-South 0°
Northeast-Southwest 45°
East-West 90°
Southeast-Northwest 45°
Table 3 Factor β; correcting
the orientation of the photobior-
eactor to calculate the angle of
hinge and rotation
Azimuth α
North 0° 90°
Northeast 45° 45°
East 90° 0°
Southeast 135° 45°
South 180° 90°
Southwest 225° 45°
West 270° 0°
Northwest 315° 45°
Table 2 Redefining the azimuth
angle into α to calculate the
angle of hinge and rotation
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energy. A larger difference causes more reflection. There-
fore, the larger the relative difference in refractive index of
the materials the higher the amount of reflection.
R ¼ 100%* 0:5*
tan2 θ1   θ2 ðÞ
tan2 θ1 þ θ2 ðÞ
þ 0:5*
sin2 θ1   θ2 ðÞ
sin
2 θ1 þ θ2 ðÞ
  
Fresnel's formula
ð4Þ
Θ = angle from the normal
R = percentage of light energy that reflects from the
surface
In the case of normal incident irradiance from the air, the
reflection can be calculated by using equation 5.
R ¼ 100%*
n2   n1
n1 þ n2
   2
ð5Þ
When light refracts into a rectangular light guide, it can
reflect internally on the vertical sides of the guide, depend-
ing on the shape and surrounding material. When light is
not refracted toward the normal on the top of the guide, the
resulting angle of incidence on the side of the guide is too
high to ensure internal reflection.
An example:
Incident light at an angle of 45° (θ1) hits a light guide
(n2=1.8) from air (n1=1). It refracts into the guide at an
angle of 23.1° (θ2) and 9.4% of the light energy is lost due
to reflection. The refracted light hits the vertical side of
guide at an angle of 90°–23.1°=66.9° (θ1), relative to the
normal. Using Snell’s law (n1=1.8; n2=1), the angle of
refraction on the side of the guide results in an angle larger
than 90° (θ2); meaning all light reflects inside the guide.
Incidentlight atanangle of45° (θ1) hits a light guide with
a different material (n2=1.2) from air (n1=1). It refracts into
the guide at an angle of 36.1° (θ2) and 1.3% of the light
energy is lost due to reflection. The refracted light hits the
vertical side of the guide at an angle of 90°–36.1°=53.9°
(θ1), relative to the normal. Using Snell’sl a w( n 1=1.2; n2=
1), the light refracts out of the guide at an angle of 75.8° (θ2)
and only 17.4% of the light energy is reflected on the
interface. The major part of the light energy, 82.6%, is lost as
a result of refraction out of the side of the light guide.
Whether light will reflect internally can also be deter-
mined by calculating the numerical aperture (NA). It is the
sine of the angle of incident light on top of the light guide
for which total internal reflection occurs and it determines
the applicability of a material as a light guide (Gordon
2002). The angle for which total internal reflection occurs
can be calculated using equations 6 and 7.
NA ¼ n1*sin θmax ðÞ ð 6Þ
NA ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n2
2   n2
1
   q
ð7Þ
The refractive index only needs to be high enough to
ensure total internal reflection in the rectangular light guide
when surrounded by air. Taking the maximum angle on the
light guide (θmax=90°) and the refractive index of air (n1=
1), the NA of the light guide can be calculated by using
equation 6. The refractive index of the light guide (n2)
needs to be 1.414 to have internal reflection of all captured
light as can be calculated from equation 7. At this or higher
refractive indices, light at an angle of 90° refracts into the
light guide at an angle of 45° or lower, while total internal
reflection can already occur at angles of 45° or higher. At
lower refractive indices, the angle of refraction will be
larger than 45° and total internal reflection will only occur
at angles lower than 45°, resulting in refraction of light out
of the sides of the light guide.
The NA also can be calculated, when a PMMA (n1=
1.49) light guide is surrounded by water (n2=1,33), using
equation 7. The maximum acceptance angle on top of the
light guide can be calculated by using equation 6, in which
n1=1, because light enters the guide from air. The
maximum angle of incident light on top of the light guide
for which total internal occurs (θmax) is 42.2°. Incident light
with angles smaller than 42.2° from the normal reflects
internally when the light guide is surrounded by water.
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